tion, but not TCF͞␤-catenin͞p300, with the recently described small molecule antagonist ICG-001 corrects these defects in neuronal differentiation, highlighting the importance of Wnt͞␤-catenin signaling in this process. We propose that increased TCF͞␤-catenin͞ CBP-mediated transcription, as well as a failure to switch to TCF͞␤-catenin͞p300-mediated transcription, play an important role in decreasing neuronal differentiation.
T
he Wnt͞␤-catenin pathway initiates a signaling cascade critical in normal development. The pathway plays an important role in both neural proliferation and neuronal differentiation (1) (2) (3) . It participates in initial formation of the neural plate and neural crest and in later stages of the mature CNS, including regulation of the neuronal cytoskeleton and synaptic differentiation, and also in cell survival and prevention of apoptosis (4) .
Canonical Wnt signaling inactivates GSK-3␤, preventing ␤-catenin phosphorylation and leading to accumulation of ␤-catenin in the cytoplasm and subsequent translocation to the nucleus (5) . A key step in the activation of target genes is the formation of a complex between ␤-catenin and members of the T cell factor (TCF)͞lymphoid enhancer factor (LEF) family of transcription factors (6) . To generate a transcriptionally active complex, ␤-catenin recruits the transcriptional coactivator cAMP-response element-binding protein (CREB)-binding protein (CBP) or its closely related homolog, p300 (7, 8) , as well as other components of the basal transcription machinery.
Presenilins are transmembrane proteins whose functions are related to trafficking, turnover, and cleavage of the Notch and amyloid precursor protein (APP). Missense mutations in presenilin-1 (PS-1) are associated with early-onset familial Alzheimer's disease (FAD) (9) . PS-1 is a critical component of the ␥-secretase complex, and mutant PS-1 increases the production of amyloid peptides (10) as well as the proteolysis of Notch intracellular domain (11) . PS-1 has also been shown to interact with members of the armadillo family of proteins, including ␤-catenin (12) (13) (14) .
PC-12 cells are derived from the neural crest lineage and undergo differentiation to a neuronal phenotype with neurite outgrowth when treated with nerve growth factor (NGF) (15, 16) . Expression of AD-linked human PS-1 mutation in cells has been shown to result in significant reduction of neurite outgrowth upon exposure to NGF (17, 18) . Here, we report the effects of an FAD-associated PS-1 mutation, Leu-286-Val (L286V), on TCF͞␤-catenin-mediated transcription. We demonstrate that specifically blocking TCF͞␤-catenin͞CBP transcription using the recently described small molecule inhibitor ICG-001 (19) alleviates the mutant PS-1(L286V)-induced defects in neuronal differentiation.
(Sigma-Aldrich), and 12 g͞ml polyethyleneimine (ICN). ICG-001 was dissolved in DMSO at a stock concentration of 100 mM.
Transfection and Luciferase Assays. Cells were transfected by using SuperFect (Qiagen). Transfection efficiencies were normalized with the pRL-null luciferase plasmid. Luciferase assays were performed by using the Dual-Luciferase Reporter Assay System (Promega).
Immunofluorescence. Cells were plated at a density of 10,000 cells per cm 2 on sterile, coated, 22 ϫ 22-mm coverslips in a six-well culture plate. Differentiated cells were fixed in methanol for 15 min at Ϫ20°C, followed by a 15-min incubation with PBS plus 0.1% Triton X-100. Cells were then incubated with antibodies against Gap-43 (Novus Biologicals, Littleton, CO) for 40 min at 37°C. After a series of washes with PBS-Triton X-100, secondary antibody conjugated to FITC (Jackson ImmunoResearch) was applied. All slide images were acquired by using a Nikon PCM2000 laser scanning confocal microscope mounted on a Nikon Eclipse E600 upright microscope.
RNA Extraction and RT-PCR.
Total RNA was extracted (TRIzol, Invitrogen) and reverse-transcribed by using SuperScript II (Invitrogen). RT-PCR was performed with the following primers: 5Ј-CACAACGCACTTTCTTTCCA-3Ј (cyclin D1 forward) and 5Ј-GACCAGCCTCTTCCTCCA-3Ј (cyclin D1 reverse).
Immunoblotting. Lysates from cultured cells were immunoblotted by using monoclonal N-cadherin (BD Bioscience) antibody, which recognizes full-length fragments, and C-terminal fragments 1 and 2 (CTF1 and CTF2), polyclonal CBP A-22, polyclonal p300 N-15 (Santa Cruz Biotechnology), and monoclonal ␣-tubulin antibodies (Calbiochem). Immune complexes were visualized with enhanced chemiluminescence detection (Amersham Pharmacia). Fig. 1 A and B) , similar to PC-12 cell clones from American Type Culture Collection (data not shown), PC-12 cells expressing the mutant PS-1 (PC-12͞L286V cells), as has been previously reported (17) , exhibited significant reduced neurite formation (Fig. 1C) .
Results

PC-12͞L286V
GAP-43 is a neuronal differentiation marker (21, 22) and has recently been shown to be required for appropriate cell fate commitment (23) . To validate our morphological observation at the molecular level, we immunostained for GAP-43 expression after NGF-induced differentiation. PC-12͞Vector control cells and PC-12͞WT cells displayed extensive expression of the neuronal differentiation marker GAP-43 ( Fig. 1 D and E) , whereas the mutant PC-12͞L286V cells were essentially devoid of this neuronal marker (Fig. 1F ).
Mutant PS-1 Up-Regulates TCF͞␤-Catenin-Mediated Signaling. To assess the effects of the L286V PS-1 mutation on TCF͞␤-catenin-mediated signaling, we transiently transfected NGFtreated PC-12 cells with TOPFLASH, a Wnt-responsive reporter that contains multimerized LEF͞TCF binding sites (24) . As seen in Fig. 2A , the PC-12͞WT cells had similar levels of TCF͞␤-catenin signaling compared with the PC-12͞Vector control cells. However, the PS-1͞L286V mutant cells displayed significantly (10-fold) increased TOPFLASH expression.
Cyclin D1, a critical gene in G 1 progression, is a direct target gene of TCF͞␤-catenin signaling (25) . Repression of cyclin D1 transcription and cell cycle arrest are highly coordinated with neurogenesis (26, 27) . Exit from the cell cycle is a critical step on the pathway toward neuronal differentiation (26, 28, 29) . We investigated whether this increased TCF͞␤-catenin-mediated signaling ( Fig. 2 A) is correlated with an increase in cyclin D1 expression in PC-12͞L286V mutant cells. As shown in Fig. 2B , cyclin D1 expression in PC-12͞Vector control and PC-12͞WT cells was significantly reduced 24 h after NGF treatment, as judged by a cyclin D1 promoter͞luciferase construct ( PC-12͞L286V mutant cells with NGF did not significantly decrease cyclin D1 expression (Fig. 2B Lower, lanes 5 and 6) .
We hypothesized that dysregulated TCF͞␤-catenin signaling in the mutant PC-12͞L286V cells was responsible for the defective differentiation and neurite outgrowth. To test this hypothesis, we used a recently described specific small-molecule inhibitor of TCF͞␤-catenin signaling. This small molecule, ICG-001, selectively blocks the ␤-catenin͞CBP interaction but not the ␤-catenin͞p300 interaction, thereby interrupting a subset of TCF͞␤-catenin-mediated transcription (19) . Treatment of the mutant cells with 10 M ICG-001 in the presence of NGF decreased cyclin D1 reporter gene transcription (Fig. 2B Upper) and message levels ( M ICG-001 led to essentially normal neurite outgrowth and differentiation (Fig. 2C) , similar to that seen in the vector control and overexpressing PC-12͞WT cells ( Fig. 1 A and B) , as compared with the untreated mutant cells (Fig. 1C) . Similarly, short interfering RNA (siRNA) to CBP increased neurite outgrowth in PC-12͞L286V cells (Fig. 2D) and decreased cyclin D1 message as judged by real-time RT-PCR (data not shown). To confirm that ICG-001-treated mutant cells develop neurites of similar lengths to the vector control or wild-type cells, we scored neurites that were at least twice the length of the cell body. As can be seen in Fig. 2E , treatment with ICG-001 substantially increased the percentage of cells bearing neurites to levels similar to that of the vector-transfected and overexpressing PS-1 wild-type PC-12 cells. Similarly, ICG-001-treated PC-12͞L286V mutants showed similar intense GAP-43 staining (Fig. 1G) to the wild-type and vector-transfected cells (Fig. 1 D and E) .
PS-1 Mutations Affect N-Cadherin Processing and CBP Levels and
Thereby Dysregulate a Subset of TCF͞␤-Catenin Transcription. The next question we wished to address was the mechanism by which introduction of the PS-1͞L286V mutation affected TCF͞␤-catenin-mediated transcription. Recently, PS-1, in addition to its well documented role in the ␥-secretase-mediated cleavage of both amyloid precursor protein (APP) and Notch, has been reported to promote the -cleavage of additional type I membrane proteins including E-cadherin and CD44 (30) . In the case of cadherin, the -cleavage is significantly stimulated in the absence of calcium homeostasis and by apoptotic induction (31). PS-1-mediated -cleavage of N-cadherin affects the intracellular release of an N-cadherin CTF (N-Cad͞CTF2). N-Cad͞CTF2 subsequently forms a complex with cytoplasmic CBP, thereby promoting CBP's proteasomal degradation (31) . Importantly, Marambaud et al. (31) reported that PS-1 FAD mutations inhibit N-Cad͞CTF2 processing, thereby increasing nuclear levels of CBP. Based on these observations, we speculated that increased CBP levels in the PS-1͞L286V cells may be the cause of the aberrant TCF͞␤-catenin transcriptional regulation. We found that PC-12͞L286V mutant cells, but not those overexpressing wild-type PS-1 or vector, contained almost exclusively full-length N-cadherin and essentially none of the processed N-Cad͞CTF1 or N-Cad͞CTF2 (Fig. 3A) . The decreased -cleavage-mediated release of N-Cad͞CTF2 additionally correlated with significantly increased levels of CBP, but not p300, in the L286V mutant cells compared with both wild-type overexpressing and vector control cells (Fig. 3B ). An intriguing point worth noting is that N-cadherin has recently been implicated as playing an important role in the maintenance of stem cell niches (32) . We speculate that this may be because of its role in regulating the CBP͞p300 ratio and thereby coactivator usage in stem cells. We conclude that defective N-cadherin processing in the PS-1͞ L286V mutant cells leads to increased TCF͞␤-catenin͞CBP-dependent transcription at the expense of TCF͞␤-catenin͞p300-mediated transcription, thereby blocking NGF-induced differentiation, and that this transcriptional imbalance is corrected by treatment with ICG-001.
Discussion
Introduction of the FAD mutant PS-1͞L286V into PC-12 cells inhibits neurite outgrowth (Fig. 1C) (17) . Additionally, introduction of two other PS-1 mutations, P117L and M146L, into N2a neuroblastoma cells has been shown to inhibit neurite outgrowth (18) . We now demonstrate that introduction of the FAD mutant PS-1͞L286V into PC-12 cells causes dysregulation of TCF͞␤-catenin signaling, thereby inhibiting neuronal differentiation and neurite outgrowth. Furthermore, the selective small-molecule inhibitor of TCF͞␤-catenin͞CBP transcription, ICG-001, can phenotypically rescue NGF-induced neuronal differentiation and neurite outgrowth in the mutant cells, emphasizing the importance of the TCF͞␤-catenin signaling pathway on neurite outgrowth and neuronal differentiation.
PS-1 mutations are associated with the majority of FAD cases. Alzheimer's disease (AD) has been suggested to be a manifestation of abnormal neuroplasticity (33, 34) . Consistent with this hypothesis, the hippocampus, which is most severely affected in AD, is associated with high synaptic plasticity, axonal and dendritic remodeling (35) , and GAP-43 expression (36) . A critical role for GAP-43 in neurogenesis has been demonstrated recently. GAP-43 knockout (Ϫ͞Ϫ) P19 embryonic carcinoma cells failed to undergo normal retinoic acid-induced neuronal differentiation (23) . Neuronal overexpression of the FAD mutant PS-1(P117L) in transgenic mice affected neurogenesis in the adult hippocampus. Whereas overexpression of the wild-type PS-1 transgene promoted survival and differentiation of progenitor cells, leading to increased granule cell neurons, the mutant transgene did not (37) . Furthermore, increased attempts at neurogenic activity may be associated with AD because of attempts to replace hippocampal neurons lost because of toxicity (e.g., A␤) associated with the disease (38) .
Although originally associated with amyloid precursor protein (APP) and Notch processing, it is clear that PS-1 as part of the ␥-secretase complex is involved in the proteolytic processing of a variety of additional transmembrane proteins, including both N-cadherin (31) and the protein Deleted in Colon Cancer, both of which are known to modulate various aspects of neuronal development and function (39, 40) . We have found, similar to the results of Marambaud et al. (31) , that introduction of the PS-1(L286V) mutation into PC-12 cells decreases ␥-secretase processing of N-cadherin, thereby increasing nuclear CBP levels. However, it should be noted that conditional double knockout of both PS-1 and PS-2 in mice has been shown to decrease CBP expression (41) . Aberrant Wnt signaling has previously been speculated to play a part in AD neuronal degeneration (42) (43) (44) ; however, the complexity of this signaling pathway (45) has complicated the analysis. We propose that the selective increase of a subset of TCF͞␤-catenin-dependent transcription is associated with defective exit from the cell cycle and NGF-induced neuritogenesis seen in the PC-12͞L286V cells. Furthermore, we demonstrate that, phenotypically, this defect can be corrected by selectively antagonizing TCF͞␤-catenin͞CBP-dependent transcription using ICG-001. Additionally, the expression of the important marker of neuronal development GAP-43 is dramatically increased in the mutant cells treated with ICG-001 during NGF-induced differentiation compared with untreated cells.
Within the broader context of AD, our results prompt us to speculate that increased TCF͞␤-catenin͞CBP-mediated transcription may decrease the rate at which neuronal precursor populations differentiate to neurons in AD brains. This finding may be applicable not only to individuals with PS-1 FAD mutations but also to general AD patients (46) . This decline in neuronal differentiation, together with enhanced apoptotic susceptibility (20, 47) , may exacerbate the decline in neuronal plasticity seen in normal aging.
Intriguingly, Goodman and Pardee (48) recently proposed that decreased retinoid activity in the CNS is a contributing factor to late-onset AD. Retinoic acid potentiates early events in neuronal differentiation and enhances the response to neurotrophic factors (49) . Although retinoids are pleiotrophic factors, one of the known effects of retinoids is to antagonize TCF͞␤-catenin transcription (50) . This activity may be associated with the beneficial effects of retinoids on memory and neuronal plasticity (51, 52) . We have mapped the binding of ICG-001 to the N-terminal 110 aa of CBP (19) . Interestingly, the consensus (LXXLL) retinoic acid receptor͞retinoid X receptor binding domain also lies within this region of CBP (residues 70-74), to which ICG-001 binds. These results lay the groundwork for further investigations concerning TCF͞␤-catenin͞CBP signaling in AD.
It is becoming apparent that, despite their high degree of homology and similar patterns of expression, that CBP and p300 play unique and distinct roles in gene regulation. We recently demonstrated that CBP and p300 have distinct functions in the regulation of TCF͞␤-catenin-mediated survivin transcription (53) . The results are consistent with recent publications suggesting nonredundant roles for CBP and p300 in cell growth, differentiation, and development, despite their high degree of homology (54) (55) (56) (57) (58) . Rebel et al. (59) , using a hematopoietic stem cell (HSC) model, concluded that CBP (and not p300) is essential for HSC self-renewal, whereas p300 is critical for proper hematopoietic differentiation. Kawasaki et al. (54) found that p300, but not CBP, is absolutely required for retinoic acid-induced F9 differentiation. Based on our results in the PC-12 model of neuronal differentiation, as well as differentiation studies in other model systems (M. Kahn, unpublished results), we propose a model (Fig. 4) whereby TCF͞␤-catenin͞ CBP-mediated transcription is critical for stem cell͞progenitor cell proliferation, whereas a switch to TCF͞␤-catenin͞p300-mediated transcription, whether induced chemogenomically with ICG-001 or naturally, is critical to initiate a differentiative program with a more limited proliferative capacity. Aberrant regulation of the balance between these two related transcriptional programs may be associated with a wide array of diseases, including cancer and AD (19, 53) .
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